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Atmospheric Multiple Scattering Effects on GLAS
Altimetry—Part Il: Analysis of Expected Errors in
Antarctic Altitude Measurements
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Abstract—The altimetry bias in the Geoscience Laser Altimeter 0f these ice sheets, in turn leading to other climatic changes,
System or other laser altimeters resulting from atmospheric mul- notably a possible change in sea level. From its orbit at an alti-
tiple scattering is studied in relationship to current knowledge of tude of 590 km with a 9%inclination to the equator, GLAS will
cloud properties over the Antarctic Plateau. Estimates of seasonal . . . ’ .
and interannual changes in the bias are presented. Results showthemake lidar observations at near-lnfrared.(106_4 nm) ahd visible
bias in altitude from multiple scattering in clouds would be asignif- (532 nm) wavelengths, and have a receiver field-of-view foot-
icant error source without correction. The selective use of low-op- print of ~ 300 m. Altimetry measurements from GLAS will be
tical-depth clouds or cloud-free observations, as well as improved ysed to measure interannual changes in the thickness of polar
analysis of the return pulse such as by the Gaussian method used;;q gheets and will provide the first estimates of continentwide
here, is necessary to minimize the surface altitude errors. The mag- . . . .
nitude of the bias is affected by variations in cloud height, cloud elevation Chahges In th(_a Antarctic and Greenlar?d !Ce_ sheets [2].
effective particle size, and optical depth. Interannual variationsin ~ The determination of ice-sheet mass balance is limited by typ-
these properties as well as in cloud cover fraction could lead to ical methods, which rely on a comparison of two large num-
significant year-to-year variations in the altitude bias. Although  pers—total snow accumulation and total ice loss—that are each
cloud-free observations reduce biases in surface elevation measure-subjeCt to large errors. Recently, more accurate methods to mea-
ments from space, over Antarctica these may often include near- . .
surface blowing snow, also a source of scattering-induced delay. SUre the ice-sheet mass balance have been developed using re-

With careful selection and analysis of data, laser altimetry specifi- peated altimetry measurements of the ice sheets by airborne

cations can be met. lidar [3] and satellite radar [4]. These new methods each contain
Index Terms—Altimetry, climate change in the polar region, drawbacks; radar measurements are sensitive to surface slope
cloud studies, laser ranging, multiple scattering. errors and radar penetration into snow, and relatively few air-

borne lidar measurements over Greenland and Antarctica have
ever been attempted. GLAS measurements will mark an im-
_ provement on existing observations and will record temporal
ITHINCREASING concern over warming of the earth’schanges in the thickness of the earth’s polar ice sheets from
surface, the need to develop and implement sound majpace.
itoring programs to detect potential large-scale climate changeg;|AS is a laser-based surface altimeter and atmospheric
atan early stage has also grown. The marginal ice zones arogpéfiler launched in late 2002 as part of the Earth Observing
the polqr ice shelves h_ave been a pamcu_lar focus of suc_h PSYstem (EOS) program. For the surface altimetry measure-
grams, in the expectation that the early signs of global climatgents, the mean elevation of the laser’s surface spot will be
change will be observed here. This view has been bolstereddyfimated from a centroid of the return pulse. To permit the
measurements of significant surface temperature changes ing@ermination of mass balance changes, individual ice-sheet
cent decades, especially in the coastal Antarctic [1]. A majgfitude measurements must be made with uncertainties smaller
goal of the orbital Geoscience Laser Altimeter System (GLAS)an 10 cm. A number of factors affect the accuracy of the
is to measure and monitor a particular aspect of climate changiude measurement, including surface slope, atmospheric
in the high latitudes, namely changes in the mass balance of figpagation, and signal noise. A cross-over technique that
earth’s large ice sheets which are concentrated in the polar fgerages the elevation differences at selected points on the ice
gions. Global warming could potentially alter the mass balangfeets is designed to reduce errors in order to measure regional
ice elevation changes to an accuracy of 1.5 cm per year, the
Manuscript received September 20, 2001; revised June 5, 2002. This weliated goal of the ice-sheet altimetry [5].
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tion under Contract NAG5-33015 and Contract NAG5-7522. ors presented calculations of path delays by cloud and aeroso
A. Mahesh is with the NASA Goddard Earth Sciences and Technolog@cattering from an analytic double-scattering model and Monte
Center, Greenbelt, MD 20771 USA (e-mail: ashwin.mahesh@gsfc.nasa.gozar|g simulations of lidar surface returns. Both methods demon-
J. D. Spinhire is with the NASA Goddard Space Flight Center, Greenbelt h ltiol . icallv thi | |
MD 20771 USA. strated that multiple scattering by optically thin polar ¢ ouds
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would produce a to-and-fro path delay of 30 cm, correspondil
to an altitude bias of 15 cm.

Since the effect of multiple scattering is to always introduc
a delay, the mean height change will be affected by the chany
in cloud and aerosol layers in the atmosphere. If not correcte
seasonal and annual variation in cloud properties could sign
cantly affect the determination of changes in the surface heig
Surface altimetry is a primary objective of the GLAS missior
and multiple-scattering-induced delay in the observations t
the potential to seriously undermine this goal. Using curre
knowledge of Antarctic cloud properties, we study the impa
of multiple scattering on the determination of surface altitud
as well as on the interannual variability of it. The use of the a
mospheric lidar signals of GLAS to eliminate such errors wi
also be discussed.

Il. VARIABILITY OF CLOUD PROPERTIES ON THE
ANTARCTIC PLATEAU

The purpose of ice-sheet altitude observations is to meas
temporal changes in ice thickness. A ranging bias would n
be a problem if polar cloud properties were constant over tinr
Therefore, the critical issue is to determine the potential bi
effect from seasonal and interannual variability of cloud prop
erties. DSE found that several cloud parameters could affect
the magnitude of multiple-scattering-induced delays, includirigg- 1. Mean annual cloud occurrence over the Arctic derived from [6].
cloud optical depth, cloud particle size, and mean cloud height.

The variability in each is now considered in turn.

50 b0 TFO 80 90 100

skies usually lead to the formation of near-surface ice crystals,
known as diamond dust.

Cloud occurrence varies seasonally over the poles. ididin

Due to the harsh conditions in the Arctic and Antarctic, d¢] find that in winter, observations of clouds over most of the
well as their remoteness, observations of polar cloud propéyctic Ocean ranges from 50% to 70%. Arctic cloud occurrence
ties have been far fewer than elsewhere. Even the most comggegenerally higher during the summer, when values range from
hensive cloud surveys such as in [7] contain only sparse clo@@% of the observations over western Greenland to over 80%
data from the ice sheets over Greenland and Antarctica. Desgit@bservations in the Siberian Arctic. A similar seasonal cycle
this, some estimates of polar cloud characteristics can be m@ggurs over Antarctica, with higher values during the summer
from current knowledge of polar cloudiness. The surveys in [/@nd lower values during the winter. At coastal Antarctic stations,
for example, summarize surface observations of clouds acrsvever, clouds are seen far more frequently than over the high
the globe. The observations indicate spatial variations over tpi@teau. Mean wintertime cloud occurrence over the South Pole
poles. They are summarized from routine surface observatigagges from 30% to 40%, while in the summer, clouds are ob-
of sky conditions made by observers at various weather statigi@sved in 45% to 70% of the observations. On the other hand,
around the world. Mean annual values of Arctic cloud occugbservations between 1971 and 1980 at the coastal Syowa Sta-
rence—which records the presence of clouds regardless of tie@ (6% S, 39 E) show a maximum in the late summer, when
fraction of the sky filled by them—from [7] are shown in Fig. 1.nearly 80% of observations are of clouds and minimain the early
The values are typically between 70% and 80%, with valusgmmer (53%) and winter (60%) [9].
greater than 80% in the area around Spitsbergen, Norway, anélahn et al. [7] also determined the interannual variation
smaller amounts (between 55% and 70%) over western Gre@aV) in cloud occurrences over the poles. 1AV was defined
land and northern Canada. as the standard deviation in seasonal cloud occurrence for

Most surface observations of clouds over Antarctica are frotine period from 1982 to 1991. The interannual variation in
coastal stations that report the presence of clouds between 70#e—July—August (JJA) cloud occurrence for land stations
to 80% of the time, while the few stations located in the interian the Arctic was usually near 5%, and was near 10% for
of the continent report fewer occurrences of clouds, typicalpecember—January—February (DJF) observations. Wintertime
seen in between 40% and 60% of the observations. The mednservations over the Arctic Ocean show IAV values from 20%
annual frequency of clear-sky observations in the Arctic Oceaorth of Alaska to 2% over Spitsbergen, Norway. During the
and the coastal stations of Antarctica is usually less than 1@mmertime, the standard deviations ranged from 2% to 5%.
[8]. Observations of entirely clear skies are rare at the high l&athe interannual variations at the Antarctic coastal stations and
itudes; even stable surface temperature inversions under ckathe South Pole are generally near 5%.

A. Cloud Occurrence
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The most recent yearlong study of clouds over the Antarcfit5] retrieved cloud particle sizes using Advanced Very High
plateau is that of Mahesét al.[10], [11]. From ground-based Resolution Radiometer infrared radiances, and they estimated
longwave spectral observations of clouds at a South Pdlat the mean summer and winter effective radii over the South
station in 1992, the authors obtained an annual cycle of cloBdle are 12.3 and 58m, respectively. Mahesét al.[10], [11]
base heights, particle effective radii, and optical thickness. Thistermined cloud particle effective radii from their 1992 data
study was not specifically designed to quantify cloud occuand obtained a median particle size of 4%, in their study,
rence throughout the year; their spectrometer had a limitdte effective radii of particles larger than 28n could not be
field of view, and observations were made at three viewiragcurately determined, and only a lower limit to those particles
zenith angles—45 60°, and 753—throughout the year to is given. A particular seasonal pattern observed here indicated
consistently record clouds in the same viewing directiothat cloud particle sizes in winter mostly ranged between
Maheshet al. found clouds in approximately 43% of theirl0—20um, whereas in summer larger particles with effective
spectral observations, roughly consistent with Hahal’s [7] radii larger than 25:m were dominant.
multiyear average.

lll. RESULTS
B. Cloud Height and Optical Depth A. Altitude Bias

Over much of the Antarctic plateau, surface-based visualtpe ohservations summarized in Section Il indicate some

estimates of cloud height are constrained by the relatiV‘é‘lriability in polar cloud properties that would lead to seasonal
absence of topographical reference points. Maesdi. [10], 5 interannual variation in the altitude bias. To estimate the
[11] use a modified version of the G&licing method 10 a4 aititude bias for a particular period, the Monte Carlo path

determine the base height of clouds, from longwave spectfaljay resuits from DSE can be weighted by the climatological
observations. The cloud bases have a bimodal distribution, WfFBquency of various cloud types.

the primary maximum in the surface-based inversion layer, 1o mean altitude bias for a given period is defined as
and a seasonally dependent secondary maximum between

2.0-2.5 km. The higher clouds, i.e., most of the clouds with S S b (74, hj, i) Fr (7iy by, )

bases in the 2.0-2.5-km range, have smaller optical depths (less B i Jk B
than one), whereas clouds with bases near the surface are often (L=F)+> 3> Fr(mi,hj, k)

thicker, although many of these too have optical depths of less gk

than two.

Ice crystal precipitation can have a wide range of optic&fhere b(7i, hj,ri) is the computed altitude bias for each
depths, but it is commonly much thicker during the Wintega.nsmlsswe cloud base_d on .CIOUd optical th|ckne,s_sloud
Wilson et al.[12] report wintertime observations of ice crysta e'ggt h, and cIc;ud tpartlcle s]lcze, ?nd Fth(r?’ hj i) is the bi
optical depths between 2.7-10.7, although thicknesses as | qJ gld coverage lraction as a Tunction ot tnose same variables
as 21 have been measured. In the Arctic springtime, the 3 I each transmlSSlV_e cI(_)ud. chttenng _phase_: functlon_s were
served thickness ranged from 0.015 to 1.9. Malessti’s [10], computed for spherical |ce_part|_cles using Ml_e theafy.is
[11] findings of cloud optical depths confirmed the generall e overall cloud cover fractior; is the distribution of cloud

held view that clouds over the Antarctic plateau are optical tical depthsh; is the distribution of cloud heights; ang

much thinner than those at the coasts of the continent. Nea he distribution of cloud particle sizes. Altitude biases thus
95% of the clouds at the South Pole station were seen. to h ained can be examined for seasonal or interannual variation,

optical depths smaller than five. computed as the difference between the mean bias from one
season (year) to the next.

. . In this paper, we obtain altitude bias estimates from Monte
C. Cloud Particle Size Carlo calculations using cloud properties reported by Mahesh
The multiple-scattering-induced path delays will also deperad al. [10], [11]; these include the frequency of cloud obser-

on the microphysical properties of the clouds. Cuetyal. [8] vations, optical depths{, cloud heights £), and cloud effec-
report that the most comprehensive measurements of wintiére particle radii ¢) derived from infrared spectral measure-
time Arctic ice crystal distributions show modal radii betweements made from the ground in 1992. Following (1), an altitude
10-80ixm and an average effective radius of 4. Summer- bias can be computed for each measurement using these prop-
time Arctic stratus, on the other hand, has much smaller meamies, and mean altitude biases over different seasons as well as
radii, ranging from 2 to 7um. the entire year can be obtained. Due to interannual variability,
In the Antarctic, Smileyet al. [13] reported that the most GLAS will record cloud conditions over the Antarctic Plateau
common sizes of clear-sky ice crystal precipitation observéitht are not identical with those from 1992; nevertheless, these
during the wintertime are between 50-2@@n. However, data represent the best combination of several cloud properties
crystals smaller than 50m could not be reliably measured orrelevant to multiple-scattering-induced delay from a single ob-
their particle replicator, and smaller particles were not reporteskrvation program; also, at this time, Maheghal’s findings
Stone [14] inferred cloud properties of Antarctic clouds duringemain the only available year-long dataset of cloud properties
the wintertime from radiometric profile measurements, araler the plateau.
estimated most clouds are optically thin and composed ofNot all clouds will contribute to the altitude bias; optically
small particle sizes on the order of 4—i6. Lubin and Harper thick clouds will not be penetrated by the GLAS lidar, and no
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surface elevation measurements will be made in such cases. Ac-
cording to the specifications of the GLAS mission, clouds with a
two-way transmissivity of less than 0.25 would not be included 300
in any altimetry estimates. For the geometry of the GLAS lidar,
the Monte Carlo calculations by DSE show that when forward
scattering is considered the optical-depth limit corresponding to
the above transmissivity is as large as two. The optical depths
obtained by Mahesht al.[10], [11] at the South Pole suggest
that this upper limit still permits the use of nearly 75% of the
clouds observed during the year. Also, one might minimize al-
titude biases by using only those measurements made during
cloud-free conditions or through optically thin clouds, as shown
in Section I1I-C. This will permit more accurate altimetry. How- 100
ever, in such an approach the lower threshold of cloud optical ‘
depth eliminates greater numbers of the observations from con-
sideration.

Fig. 2 shows the scattering-induced altitude biases expected g i
in GLAS measurements using sky conditions recorded by 0 20 40 60 80
the mter_feromqer in 1992; histograms are plotted for all Altitude bias (cm)
observations [Fig. 2(a)] as well as for the cloudy cases alone . ) , . ,
[Fig. 2(b)]. The large peak of observations with little or no
scattering-induced bias in Fig. 2(a) is primarily due to observa- 45 (b) [
tions of clear sky, which comprise 57% of the measurements; 40
the remainder are from clouds whose scattering effect is
minimal. For the clear-sky observations, it was assumed that
the scattering-induced bias is zero; this is explored further in
Section IlI-D.

Using cloud properties obtained by Mahestthal.[10], [11],
Monte Carlo calculations were performed to obtain the alti-
tude bias that would result, from each combination of cloud
height, particle radius and optical depth. Consistent with indica-
tions from radiosonde data taken during the year, a typical cloud
thickness of 1 km was used in the modeling.

Maheshet al. [10], [11] determined only a lower bound in
particle radius in a number of summertime cases. Also, in a few
mostly winter cases of thick clouds, only a lower limit to the op-
tical depth was determined. The Monte Carlo calculations used
to obtain the values in Fig. 2 were run only for those observa- 0 20 40 60 80
tions of clouds (approximately three-fourths of the total number Altitude bias (cm)
of clouds observed) in which both particle radius and optical
depth were known, i.e., if only a lower limit to either particlerig. 2. Histogram of scattering-induced altimetry errors obtained by Monte
size or optical depth is available, those clouds are omitted Garlo calculations, using cloud properties obtained from interferometer

. . . . measurements made during 1992. The upper panel (a) includes observations
Fig. 2. These omitted values, however, are shown in Fig. 3 oth clear sky as well as cloudy conditions; scattering-induced delay under
are specifically indicated as those with only a lower limit to opelear-sky conditions is assumed to be zero. In the lower panel, only the cloudy
tical depth (diamonds), those with only a lower limit to particléases are considered separately. The median value of the scattering-induced

. . . . ias from only the cloudy-sky observations is 10.8 cm.
size (open circles), and those with only a lower limit to botl
particle radii and optical depths (filled circles) known. In these
special cases, it must be assumed that the altitude bias coisdikelier to remove the scattered path lengths from the field
sponding to scattering-induced delay is at least as large asadfview, thereby biasing the altitude less. However, if the scat-
dicated in Fig. 3. The median value of the altitude bias for thering merely directed the photon along a longer path without re-
entire year, from only the cloud observations, is 10.8 cm, amdoving it from the field of view, then the resulting bias would be
the mean is 16.2 cm. higher. The actual change in bias due to cloud height, therefore,

For a given value of the optical depth, the bias in altituddepends on the footprint of scattering from clouds at a given
will change due to variations in both particle size and in thieeight relative to the receiver field of view. Scattering-induced
height of the cloud above the surface. Low clouds scatter pHoases from changes in cloud particle size are similarly variable.
tons that, despite the scattered path, still remain within the fi€lthe fraction of photons contained in the forward scattering peak
of view of the instrument. Scattering by higher clouds, whictaries with particle size. When photons are removed from the
are more common in the nonwinter months (October—Marctipotprint of the receiver field of view, they no longer contribute

(@ |

Clear-sky and clouds

200

Number of Observations

Clouds only

Number of Observations
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Fig. 3. Multiple-scattering-induced altitude bias from all observations of clouds during 1992, obtained by Monte Carlo calculations. The )plepessent
data when both cloud optical depth and particle radius are known. In other cases, only a lower limit to the scattering-induced delay is cdleulbbtm et only
a lower limit to the optical depth is known (diamonds) or because only a lower limit to the particle effective radius is known (open circles) detatino(iis).

to the observed bias, but while they merely traverse longer pathe next we may consider the average as well as the extremes
without leaving the footprint, the biases increase. The winter af variability in cloud occurrence over the Antarctic plateau.
titude biases in Table Ill (discussed in Section IlI-C) are small@he average interannual variation in summer cloud occurrence
than nonwinter values; this suggests that the effect of the smakéthe South Pole from [7] is about 5%, while it is 11% during
particle sizes in the winter months is less significant than the fabe winter. To assess the impact of this variation on altimetry

that, in winter, clouds occur nearer the surface. measurements, we must additionally know the variation in their
optical thickness, particle sizes, and the clouds heights. If in any
B. Variability in Altitude Bias given year the additional (or fewer) clouds seen are negligibly

different in their average properties than those seen in the 1992

If the altitude bias was invariant from one year to another, edataset, then we may well see no change in the annual average
rors introduced into altimetry measurements as a result of maltitude bias using data from a different year. If, on the other
tiple scattering could be neglected, since the objective, namélgnd, if the cloud properties during other years differ from those
to determine interannual changes in elevation, could still be fldeen in 1992, the average biases computed in Table | will in-
filled. However, since the properties of clouds that cause delesease or decrease correspondingly.
by multiple scattering are not constant from one year to the next|f clouds during a given year are of different optical thick-
the bias varies as well. The interannual variability in bias can reess than those seen during 1992, there will be a corresponding
sult from changes in frequencies of cloud occurrence as well@sange in the scattering-induced delay as well. There is, how-
the fractional cloud cover. More significantly, the bias values aever, no record of variations in optical thickness from one year
sensitive to changes in the specific microphysical and radiatitee another. Absent this information, we must assume the op-
properties of clouds from one year to the next. tical properties of the increased (or reduced) cloud occurrence,

We examine the interannual variability in altitude bias usinp obtain the bounds of the interannual variability in bias. We
two different approaches to understand the impact of thesan assume, for instance, that any increases (or decreases) in
different variables. In the first method, we use cloud propertietoud occurrence relate only to optically thin (or alternately,
obtained from the spectral measurements of Mahetslal. thick) clouds, thereby obtaining the minimum and maximum
[10], [11] to obtain altitude biases that would result from suctariability of the bias. By thus removing (or adding) the clouds
clouds. The variability in the estimated biases is then obtainedth the most and least impact on altitude biases from the 1992
using the interannual variability in cloud occurrence reportathta along with the known variability in cloud occurrence (5%
in [7]. In the second approach, we obtain from routine synoptie summer, 11% in winter), we can obtain new annual average
reports the averages of tHfeaction of the sky covered by bias values.
clouds during 1992-1994 and the interannual bias changes thakhe altitude biases obtained by considering such differences
would result from variations in the cloud fractions. The formerom the optical depths seen in 1992 are tabulated in Table I.
approach considers changes that result from having more £& is expected, the addition of thick clouds increases the
fewer) clouds from one year to the next, whereas the latteslues of the seasonal and annual altitude biases, as does the
deals with having more (or less) of the sky covered by cloudesmoval of thin clouds. Conversely, the addition of thin clouds,
when they are present. or the removal of thick clouds, reduces the average altitude

1) Variability From Spectral ObservationsTo estimate the bias. The interannual variability seen from such increased or
uncertainty in altimetry from one year of GLAS observations teeduced cloud occurrence is high; the change in the annual
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TABLE |
ALTITUDE BIAS VALUES FORCLOUD OBSERVATIONS AND CHANGES IN THOSE VALUES FROM 1992 ANNUAL AND SEASONAL AVERAGES ASSUMING
THAT AVERAGEY EAR-TO-YEAR VARIATION IN CLOUD OCCURRENCE(5% IN THE SUMMER, 11%IN THE WINTER) IS CONTAINED
ENTIRELY IN EITHER THICK (7 > 2) CLOUDS OR INTHIN (7 < 2) CLOUDS

Average
More clouds than in 1992 | Fewer clouds than in 1992 | variability
from 1992
thick thin thick thin
summer 23.04 20.39 19.40 22.33 1.37
winter 17.40 13.33 11.05 16.13 2.29
all-year 18.41 15.13 13.56 17.42 1.78
TABLE I

ALTITUDE BIAS VALUES FOR CLOUD OBSERVATIONS, AND CHANGES IN THOSE VALUES FROM 1992 ANNUAL AND SEASONAL AVERAGES ASSUMING
THAT EXTREME Y EAR-TO-YEAR VARIATION IN CLOUD OCCURRENCE(13% IN THE SUMMER, 27% IN THE WINTER) IS CONTAINED
ENTIRELY IN EITHER THICK (7 > 2) CLOUDS OR INTHIN (7 < 2) CLOUDS

Average
More clouds than in 1992 | Fewer clouds than in 1992 | variability
from 1992
thick thin thick thin
summer 25.48 19.08 15.89 24.20 3.68
winter 20.65 11.90 4.01 19.23 5.99
all-year 21.20 13.82 8.66 19.73 4.61

average altitude bias from 1992 (last column of Table 1) isn altitude bias from every conceivable change in cloud char-
larger than the GLAS mission’s specified limit for the relativacteristics, we have attempted to define some range of values
bias between years (1.5 cm). to such variability. This effort shows that variation in the al-
A second calculation can also be made using the maximuitude bias could be of the same magnitude as or larger than
reported interannual variability in cloud occurrence (13% ithe accuracy requirement specified for the GLAS mission it-
summer, 27% in winter) instead of the average values, also fraelf. The determination of surface altitudes, already uncertain
Hahnet al's measurements [7]. As was done in obtaining valuehie to the presence of clouds, must additionally be reconciled
for Table I, in this case too, the additional (or fewer) clouds axgith year-to-year changes in the uncertainty in such measure-
viewed to be entirely of the extreme optical depth regimes, aneents.
the annual average biases in the altitude are computed agair2) Variability From Synoptic Reportsin Section 111-B.1, we
these numbers are shown in Table Il. As one would expect, thietained the interannual variability in the altitude bias due to
seasonal and annual values of variability in bias are now eveariation in cloud occurrence from one year to the next; in this
more different from the 1992 numbers, up to three or four timagction, we determine the variability that would result from vari-
the GLAS mission specification. ations in the cloud fractions (whereas cloud occurrence records
These numbers suggest that the variation in cloud occurretnice mere presence or absence of clouds, the cloud fraction con-
and optical thickness from one year to another produces vadins additional information; it is the portion of the sky from
ation in the altitude bias that is significant. The values of su@ach observation that is filled by clouds). The multiple-scat-
variability, being comparable to or greater than the GLAS misering-induced delay results not only from variation in cloud
sion specification, will clearly impede the reliable determinatiooccurrence, which we examined in Section 111-B.1, but just as
of altitude changes from one year to the next. Indeed, the mbkely from changes in fractional cloud cover from one year to
advantageous of the various changes considered in Tables | trehext. An alternate approach to obtaining the interannual vari-
Il still produces interannual bias variations of 1-1.5 cm. ability in the altitude bias is to use fractional cloud cover in-
Similar assessments can also be made with changes in ffamation reported by surface observers on a regular basis and
ticle sizes instead of or in addition to optical depth change® assume no variability in cloud occurrence, optical depths, or
The results in Tables | and Il implicitly assume that wheregsarticle sizes.
optical depths from one year to another are different, the par-The routine surface observations and synoptic reports
ticle sizes and optical depths are comparable between the tivat contain cloud cover data, in contrast to the ones of
years. The potential impact of changes in those characterisfiéaheshet al,, are made visually and without the advantage of
cannot be overlooked. However, our intention here is to suggesterence heights in the uniform topography around the South
that variability in cloud occurrence can manifest itself in signifiPole station; this precludes the accurate knowledge of cloud
cant variations in the altitude bias of GLAS measurements frameights. However, unlike the spectral measurements, the visual
one year to another. Without quantifying the potential impacbservations are not limited to a particular line of sight. For
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this reason, the multiyear visual observations provide a useful TABLE I

dataset that describes typical sky-cover conditions at the Soyith SEASONAL AND ANNUAL AVERAGE VALUES OF
ULTIPLE-SCATTERING-INDUCED BIAS IN SURFACE ELEVATION AT THE SOUTH

Pole. POLE, FOR SEVERAL SUBSETS OFCLOUD OBSERVATIONSFROM 1992. THE
From the WMO synoptic data taken at the South Pole staSusseTs ARECHOSENUSING VARYING OPTICAL-DEPTH THRESHOLDS AS
tion, values of fractional cloud cover, as well as the variability,_ _THICKER CLOUDS ARE EXCLUDED FROM CONSIDERATION ThE
. . . ATTERING-INDUCED DELAY BECOMESSMALLER. ASTERISK DENOTESTHAT
in those values, were obtained separately for the winter and N@arween Octoser ANDMARCH, 1.E., DURING THE NONWINTER MONTHS, NO
winter months of the years 1992-1994. The average cloud coveroups WERE OBSERVEDWITH OPTICAL DEPTHSSMALLER THAN 0.1, THE
; _ ; | UES LISTED IN THE TABLE ARE FROM THE THINNEST CLOUDS OBSERVED
fraqtlon for the three-year period around th? 1992 data was 42 URING THAT PERIOD, ON OCTOBERS, 1992, WTH OPTICAL DEPTHO.16
during the winter months and was 52% during the other months.

Interannual variability in these values (as measured by the sta WINTER NONWINTER

All year
dard deviation) is slightly larger (11.5%) in the winter than in (April-September) | (October-March) (19y9e2)
the rest of the year (8.1%). Using the seasonal average altitu1’ Median | Mean | Median | Mean | Median | Mean
biases obtained in Section IlI-A, the correspondmg increases (4 T g6 457 | 1246 | 2131 | 1osz | 1618
decreases that would_re_sult from changesin clqud fractions ce <2 203 073 ol | 1597 076 s
be computed. The variations in cloud cover fractions correspon
to variation in the interannual bias of 0.75 cm during the winter *<! 529 | 646 | 1049 | 1079 | 597 | 725
months and 0.85 cm during the rest of the year; this results i T<95 412 | 467 | 548 | 629 | 415 | 487
an average interannual variability in the bias of approximateh =<o.1" 1.89 2.00 1.94 1.97 1.89 2.00

0.8 cm.

These numbers are lower than the values we saw in Sec-
tion 111-B.1; this is expected, since in this case we have dis- Using optical depths so determined, the altitude bias could
tributed the variability across clouds of all optical depths. Verj)en be reduced by setting a cloud optical-depth threshold for
(optically) thin and thick clouds represent the extremes at whig§ceptable GLAS observations. Additionally, using a more so-
the ranging delay is least and largest respectively, and the ghisticated method to analyze the lidar surface returns could re-
erage of changes at these extremes is expected to be larger €3¢ biases. Both approaches are discussed below.
when variations are considered to be manifest across clouds dffom the entire set of observations, subsets can be selected

all optical thickness. using lower optical-depth thresholds. Table Il shows the
seasonal and annual values of the altitude biases obtained using
C. Methods to Reduce Bias several different thresholds—0.1, 0.5, 1.0, and 2.0—along with

The results presented so far assume the altimetry measﬁpg_numbers from al! observations. Since very few c[ouds atthe
ments will be used as a “standalone” measurement, with no feuth Pole (approximately 10% to 15%) have optical depths

formation available on cloud properties. However, if the optic rger than two, the bias obtained with the cloud optical-depth

depths of the clouds under observation were known, then WEeShold set to two is not significantly different from the

could select those instances when the optical depths are sHR%ﬁP obtained from all the data. However, as the optical-depth

enough that the altimetry errors expected from them are sm |f93h°'d is lowered, the altitude bias drops correspondingly.

Multiple-scattering effects from clouds, which cause aItimet%; values in altitude bias obtalned. at the lowest threshold
biases, will understandably be smaller when subsets of obse wn (0',1) 'appro.ach the GLAS requirements to detect ;egglar
tions are chosen eliminating highly scattering layers. We beg Iﬁanges In ice th|ckngss as §ma|| as 1.5 cm a year. Limiting
our discussions of cloud-scattering effects using all clouds, ho € computation of _altltude bias to such cloud-free_ or nearly
ever, because in the absence of climatologies for optically tHi l_Jd-.fr-ee. obsgrvatlons also largely removes the interannual
clouds, the total cloud cover data is still useful. First, they a¥@"iapility in altitude bias. o . .
the only available estimates of interannual variability. Also, it An a_llternate approach to I|_m|.t|ng the b|a§ in estimated alti-
is the only way of relating cloud statistics from the interior ojudes is to use a more SOph'St'Cat?d a!gonthm to a”a'Yze the
the plateau to those from the coastal Antarctic or the Arctic. AELAS measurements. The Gaussian fit method described in

though it is possible that seasonal/interannual variability of thP\S_E' fpr example, eliminates a significant fra?c“o” of the sgat-
clouds does not match the variability of the total cloud distr}_erlng—lnduced delay. Table IV shows calculations of scattering-

bution, we saw (in Section I1I-B.1) that it can provide usefdlnduced delays obtained from this method. and itis readily com-
boundaries to variability. parable to Table Ill. The median altitude bias obtained with this

We now turn our attention to subsets of observations that 'S N€arly 40% smaller in winter and one-third smaller during

clude only optically thin clouds or cloud-free conditions. Th&€ Other months; the mean values are reduced by even greater
use of data from the cloud and aerosol-profiling channel ounts. At.very Iovy optical depths, the altitude bias averaged
GLAS can provide the necessary information to obtain such S¥er the entire year is less than 1.5 cm.

lective data. Cloud optical depths can be obtained from the green ) ) -

channel if clouds are sufficiently thin so that a lidar signal is d&- ©Pservations Under Blowing-Snow Conditions

tectable both above and below them [16]. The limiting optical As discussed above, the altitude bias can be held to small
depth for such analysis is between 1 and 2, and a substantales if we selectively exclude observations that include clouds
fraction of Antarctic clouds are transmissive enough to pernaf relatively large optical depths. It will be especially advan-
such a determination of layer optical depth. tageous, in fact, to limit the determination of altitude to those



2360 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 40, NO. 11, NOVEMBER 2002

TABLE IV ! !
IDENTICAL TO TABLE Ill EXCEPT THAT THE MULTIPLE-SCATTERING-INDUCED 4- . L
BIASES WERE OBTAINED IN THIS CASE USING THE GAUSSIAN FIT METHOD . °
DESCRIBED INDSE. ASTERISK DENOTES THAT BETWEEN OCTOBER AND i
MARCH, I.E., DURING THE NONWINTER MONTHS, NO CLOUDS WERE ’é‘ . .
OBSERVEDWITH OPTICAL DEPTHSSMALLER THAN 0.1, THE VALUES LISTED L 31 i
IN THE TABLE ARE FROM THE THINNEST CLOUDS OBSERVED DURING THAT 2 .
PERIOD, ON OCTOBERS5, 1992, WTH OPTICAL DEPTHO0.16 = . .
o 24 . . . e |
WINTER NONWINTER All-Year 'g . "
(April-September) (October-March) (1992) = o o o -
L |
Median | Mean | Median | Mean | Median | Mean 2 1 ° a ° o L
0 g o
all clouds | 5.03 6.55 9.51 10.45 5.64 7.50 o 8 a8 og§
<20 3.85 4.76 9.17 8.42 5.03 5.65 0
<10 3.09 3.62 5.45 5.67 3.29 3.99 10 100 1000
2 . .
$<05 249 275 314 348 2.53 285 Thickness of blowing snow layer (m)
t<0.1 1.19 1.22 1.71 171 1.19 1.22

Fig. 4. Scattering-induced altitude bias from blowing snow. Results are shown
. ... _for two different optical depths, using both the centroid of the return pulse, as
observations that are made under known cloud-free conditiofgy as the Gaussian fit discussed in DSE. The filled circles are at an optical

The use of the atmospheric channel on GLAS will permit suclepth of 0.1 and the filled squares at an optical depth of 0.05; each of these
a determination. so that the 1064-nm channel is not used a\ aa_obtained from the qentr_oid of the return pulse. The corresponding vqlues
! . . . obtained from the Gaussian fit at the two optical depths are shown as open circles

standalone observation. There is, however, an additional c@Rq squares, respectively.

cern, namely blowing snow.

Throughout much of the Antarctic plateau, downslope sur-
face winds known as katabatic winds are prevalent during much
of the year. The settling of cold air at the higher elevations of the Atmospheric multiple scattering is potentially a large error
plateau creates these surface winds, which can disturb loose smdrce for precision laser measurements of surface altitude as
recent snow. Visual observations made by the surface weathavisioned for GLAS or other similar space missions. Also, a
observers at the South Pole station indicate blowing-snow cawvey of polar cloud observations indicates that most of the
ditions in up to one-third of all observations [17]. Blowing snoveloud properties that will affect spaceborne lidar measurements
is typically not very optically thick, and spectral measuremenktsve significant seasonal and interannual variations. Using a re-
used in Maheslet al. suggest that an optical depth of 0.1 is asently completed study of Antarctic cloud properties, the po-
thick as the snow may be. tential impact of such clouds on GLAS altitude measurements

The concern for GLAS, however, is not just the optical depik quantified. The likely interannual variability in altitude bias
of the snow, but its proximity to the surface. Blowing snow typthat will result from year-to-year variation in the relevant cloud
ically extends from the surface up to the lowest 50-300 m, aptbperties is also determined. These calculations suggest that
a special operational mode to process GLAS data at 50-m ré®e atmospheric scattering effects on GLAS measurements are
olution is needed to detect these thin near-surface layers. Wimen insignificant.

a scattering layer is close to the surface, photons scattered bysing cloud properties derived from observations made at the
it nevertheless remain within the footprint of the GLAS meaSouth Pole as well as the path delay data from DSE, estimates of
surement. As a result, the delay in their travel times caustgt mean Antarctic summer and winter altitude bias were com-
by such scattering becomes included in altimetry calculationmuted. From the interannual variability in cloud occurrence and
This means that even if GLAS altimetry is limited to nearly ocloud fraction estimated by surface visual observers, the likely
entirely cloud-free conditions as determined using the 532-rnymear-to-year variation in the altitude bias was also obtained. The
channel, the altitude values obtained from them might be las in altitude introduced by clouds in the path of the lidar pulse
error. appears to be significant and is often larger than the accuracies

Using a typical value (1Q:m) for the snow particle radius, specified for the mission. Further, interannual variability in the
and several combinations of physical and optical thickness foias itself is substantial; and a uniform altitude bias cannot be
the blowing snow layer, Monte Carlo calculations were pesubtracted out of observations made.
formed as before to obtain an estimate of the altitude bias dueHowever, altimetry measurements can be confined to those
to blowing snow. Fig. 4 shows the altitude bias due to blowingbservations made from the satellite that are known to be under
snow for two different optical depths (filled circles and squaresjoud-free or optically thin-cloud conditions; this reduces the
at several different physical thickness values for the snow layeltitude biases a great deal. To overcome the limitations in
Also shown are the lower bias estimates obtained when thkimetry measurements caused by the bias resulting from
calculations are repeated with the Gaussian fit (correspondsgattering within cloud layers, ice-sheet elevations should
open circles and squares) described in DSE. A blowing-snalus be determined only from cloud-free observations. This
layer 50—100 m thick with an optical depth between 0.05 amén be achieved using the atmospheric channel at 532 nm for
0.1 will bias the altitudes derived by between 2—4 cm approgloud detection, alongside the 1064-nm channel's altimetry
imately; this bias can be considerably reduced (to betweeapability. The use of improved waveform analysis techniques,
0.5-1.0 cm) by the use of the Gaussian fit method to determim®re sophisticated than merely the accepted centroid of return
the centroid of the return pulse. pulses, can further reduce the biases.

IV. SUMMARY AND CONCLUSION
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Even with the selective use of clear-sky conditions for al- [6] D. P. Duda, J. D. Spinhirne, and E. W. Eloranta, “Atmospheric mul-

timetry calculations, near-surface blowing snow that occurs fre- tiple scattering effects on GLAS altimetry—Part I: Calculations of single
. . . pulse bias,"EEE Trans. Geosci. Remote Sensing. 39, pp. 92-101,
quently will remain unaccounted for. The proximity of the snow 3., 5001,

to the surface makes this scattering layer more potent (per unif7] C.Hahn, S. Warren, and J. London, “Climatological data for clouds over
optical depth) than clouds, since scattered, delayed phOtOI’lS re- the globe from surface observations, 1982-1991: Data tape documen-

. s ' . . . . tation for the total cloud edition,” Carbon Dioxide Information Anal-
main within the field of view of the instrument. An altitude bias ysis Center, Oak Ridge National Lab., Oak Ridge, TN, Numerical Data

of 1-3 cm from the snow layer alone is likely. However, as with Package NDP-026A , 1995.

clouds, the use of improved methods to analyze the return pulsél z&rg‘f:gio\ﬁ’dinﬁof:;‘gigﬁ Er?;?ailléﬁggcii ,,L-Cﬁ:qgfta”:/’:{ “g"’er"iew
will help in substantially reducing the bias under blowing-snow  1731"1764 1996. ' & VoL 5 PP

conditions. [9] “Climatological data at Syowa station, Antarctic#htarct. Reg.vol.
The upcoming GLAS mission, by monitoring ice-sheet al- /3. Pp. 273-303, 1981.

itud hp 9 . g | h 9 . q E ] A. Mahesh, V. P. Walden, and S. Warren, “Ground-based remote

titu € changes over Antarctica and elsew ere, Is eXpe_Cte O sensing of cloud properties over the Antarctic plateau. Part I: Cloud

provide information on whether global warming is affecting a base heights,J. Applicat. Meterol.vol. 40, pp. 1265-1278, 2001.

sensitive and important part of the planet. Potential melting oft1] —— “Ground-based remote sensing of cloud properties over the
. . . . - . Antarctic plateau. Part Il: Cloud optical depths and particle sizés,”
high-latitude ice sheets from warming will likely lead to sig- Applicat. Meterol, vol. 40, pp. 12791294, 2001.

nificant rises in sea level and, consequently, to catastrophic ouft2] L. D. Wilson, J. A. Curry, and T. P. Ackerman, “Satellite retrieval of
comes along coastlines around the world and in many island na- '\%V;’eé'tmpoli%hf”l‘; o leg’;t;" clouds in the polar regiods Climate
tions. This paper suggests that the measurement accuracies NgST v, N ’SpnF:i.Iey B. M. Whitcomb. B. M. Morley, and J. A. Warburton
essary to permit the required monitoring are achievable under  “Lidar determinations of atmospheric ice crystal layers at South Pole
conditions of thin or no cloud cover. Careful selection of data ‘i‘ggzg lgg*gf'lsgkgo precipitation,J. Applicat. Meteor. vol. 19, pp.
from which GLAS altimetry measur'emems are made is, th_ereEL4] R. S. Stone, “Properties of austral winter clouds derived from ra-
fore, necessary to ensure that ranging delay due to scattering is diometric profiles at the South PoleJ: Geophys. Resvol. 98, pp.
accounted or corrected for. 12961-12971, 1993,
. . . - [15] D. Lubin and D. A. Harper, “Cloud radiative properties over the South
A factor that has not been included in this analysis is the =™ pge rom AVHRR infrared data,J. Climate vol. 9, pp. 34053418,
fect of surface slope on the altitude bias. The results of DSE  1996. o
suggest that sloped surfaces may obscure the effects of clolif] S P- Paim, W. Hart, D. L. Hiavka, E. J. Welton, and J. D. Spinhirne,
ltipl tteri th th del nd make the determin Ge_osmence Laser Altlmeter System (GLAS), _algorlthm theoretical
r_nu Iple scattering on the pa. elay a : ake e . ele 8- pasis document, Version 4.1,” Goddard Space Flight Center, Greenbelt,
tion of the return pulse centroid more difficult. In addition, other MD, 2001. _
factors such as signal noise and surface roughness have not bé&gf V- P- Walden and S. G. Warren, “A spectral downward longwave clima-
. - tology for clear and cloudy skies over South Pole,TRS '96: Current
examined. Th(?se factors may qlso reduce or completely elimi-  propiems in Atmospheric Radiatiow. L. Smith and K. Stammes, Eds.,
nate the effectiveness of Gaussian fitting on the path delay, and Hampton, VA, 1996, pp. 54-57.
other forms of return pulse analysis may be required to reduce
altimetry biases to acceptable levels. Further study is necessary
to determine how signal noise, rough, sloped surfaces, and -
vanced waveform analysis of the return pulse may affect t

multiple-scattering-induced altitude bias.

Ashwin Maheshreceived the B.S. degree in physics
from Bangalore University, Bangalore, India, in
1989, the MBA degree from Pondicherry University,
Pondicherry, India, in 1991, and the M.S. degree in
astronomy from Vanderbilt University, Nashville,
TN, in 1993, and he received the Ph.D. degree in
geophysics from the University of Washington,
Seattle, in 1999.

The total cloud cover database of Haginal. was provided He is currently on the research faculty of the God-
dard Earth Sciences and Technology Center, Green-

by the U.S. Department of Energy through its Carbon Dioxic®@ belt, MD. His research interests includs the effect of

Information Analysis Center at Oak Ridge National Laboratoryiouds on polar climates, spectral remote sensing of the atmosphere, and lidar
studies of high-latitude atmospheric phenomena.

ACKNOWLEDGMENT

REFERENCES

[1] D. G. Vaughan and C. S. M. Doake, “Recent atmospheric warming ai
retreat of ice shelves on the Antarctic peninsubdgture vol. 379, pp.
328-331, 1996.

[2] S. Cohen, J. Degnan, J. Bufton, J. Garvin, and J. Abshire, “The ge
science laser altimetry/ranging systenfEE Trans. Geosci. Remote
Sensingvol. GE-25, pp. 581-592, 1987.

[3] W.Krabill, R. Thomas, K. Jezek, K. Kuivinen, and S. Manizade, “Green
land ice sheet thickness changes measured by laser altin@@ggphys.
Res. Lett.vol. 22, pp. 2341-2344, 1995. Flight Center, Greenbelt, MD. His research work

[4] H.J. Zwally, A. C. Brenner, J. A. Major, R. A. Bindschadler, and J. G includes advances in remote sensing, instrument
Marsh, “Growth of the Greenland ice sheet: Measurem&uigncevol. ) development, laser atmospheric studies, airborne
246, pp. 1587-1589, 1989. field experiments, and atmospheric radiation and climate. He is also currently

[5] H.J.Zwally, B. Schutz, W. Abdalati, J. Abshire, C. Bentley, A. Brennera science team member for the Geoscience Laser Altimeter System space
J. Bufton, J. Dezio, D. Hancock, D. Harding, T. Herring, B. Minster, Kinstrument, which is under development for Earth Observing System (EOS)
Quinn, S. Palm, J. Spinhirne, and R. Thomas, “ICESat's laser measupeeject of the Mission to Planet Earth, and he is the Principal Investigator for
ments of polar ice, atmosphere, ocean, and lahdzeodynamyvol. 34, the Space Shuttle Infrared Spectral Imaging Radiometer experiment and the
pp. 405-445, 2002. global MP Lidar observation network.

James D. Spinhirne(M’01) received the B.S. degree
in engineering physics from the University of lllinois,
Urbana, in 1970, the M.S. degree in electrical engi-
neering from the University of Arizona, Tucson, in
1974, and the Ph.D. degree in atmospheric physics
from the University of Arizona , in 1977.

He is currently a Scientist at the Goddard Lab-
oratory for Atmospheres, NASA-Goddard Space




2362 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 40, NO. 11, NOVEMBER 2002

Edwin W. Eloranta (M'95) received the B.S., M.S.,
and Ph.D. degrees in meteorology from the Univer-
sity of Wisconsin, Madison, in 1965, 1967, and 1972,
respectively.

He is currently a Senior Scientist with the Lidar
Group, Space Science and Engineering Center, Uni-
versity of Wisconsin. He has developed several ad-
vanced lidar techniques, including high spectral res-
olution lidar and lidar multiple scattering theories.

David P. Dudareceived the B.S. degree in meteorology from Pennsylvania Ste
University, University Park, in 1986, and the M.S. and Ph.D. degrees in atnr
spheric science from Colorado State University, Fort Collins, CO, in 1989 a
1994, respectively.

He is an Assistant Research Professor in the Center for Atmospheric Scier
at Hampton University, Hampton, VA. He currently conducts satellite and radi .
tive transfer studies of clouds at the Radiation Sciences Branch, NASA Lang.
Research Center, Hampton, VA. '




	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


